Abstract
Introduction
Caveolae are detergent-resistant, highly hydrophobic membrane domains. The main protein components of caveolae are caveolins (caveolin-1, -2 and -3), which are essential for the formation and stability of caveolae [1] . The scaffolding domain of caveolin-1 can bind various signalling molecules [2] and thereby regulates their activity. Thus, caveolae are thought to function as pre-assembled signalling complexes or signalling organelles [3] .
Although ultrastructural and biochemical studies have shown that caveolae are highly immobile structures [4] , under special conditions they can pinch off from the plasma membrane [2] . This internalization is associated with receptor cross-linking and clustering in caveolae and reorganization of the actin cytoskeleton [2, 5] . [6] . There are indications that caveolae can fuse with early endosomes in a Rab5-dependent manner [7, 8] . However, the question remains whether caveosomes or early endosomes are the only destination for internalized caveolin-1 [8] or whether caveolin-1 can travel to the late endosome-lysosome pathway, where it is degraded.
After caveolar internalization, various ligands (SV40 virus, cholera toxin) accumulate in special cellular compartments, called caveosomes. Caveosomes were described as intermediate organelles of caveolae-mediated endocytosis. Until now, they are characterized only by the presence of caveolin-1 at their cholesterol-and sphingolipid-rich limiting membrane
The albumin-binding adaptor protein (gp60) accumulates in caveolae and associates with caveolin-1 [9, 10] . When albumin binds to gp60, it triggers tyrosine phosphorylation of caveolin-1 and dynamin-2 via activation of c-Src kinase, resulting in the internalization of caveolae. These signal transduction steps occur shortly after the activation of gp60 [11] .
In [13] .
Morphometry and statistical analysis
Twenty to twenty-two electron micrographs were randomly taken from each experimental group. The numbers of morphologically identified caveolae connected to the plasma membrane and under the plasma membrane (internalized vesicles) were counted. The surface/volume ratio was calculated according to Weibel et al. (1966) [14] . Results 
Membrane purification and Western blot
For all experimental groups, confluent cultures of HepG2 cells grown in 100-mm culture dishes were used. Plasma membrane and intracellular membrane fractions were prepared according to Smart et al. (1995) [15] and Conrad et al. (1995) [16] 
Results

Albumin triggers formation and endocytosis of caveolae
Since caveolar internalization is a slow process, we applied longterm (1 and 3 hrs) albumin incubation to induce internalization of caveolae. We followed the intracellular route of caveolin-1 by immunogold labelling of ultrathin cryosections. In HepG2 cells grown under standard conditions (10% FBS containing medium), we consistently observed caveolae, displaying their characteristic flask-like appearance at the plasma membrane (data not shown).
When cells were incubated in albumin-free medium for 24 hrs, the number of caveolae at the plasma membrane significantly decreased. They appeared as separate entities associated with the plasma membrane (Fig. 1) .
After incubation in albumin-containing medium for 1-3 hrs, numerous caveolae appeared at both the plasma membrane and in the cytoplasm at a small distance from the plasma membrane (Fig. 2) . This indicated that albumin induced the formation as well as internalization of caveolae. The increase in number of caveolae was already prominent when cells were exposed to albumin for 1 hr (Fig. 2) . Quantitative analysis (Fig. 4) (Fig. 3A,  B Fig. 3C and D) , in agreement with their role in endocytosis. Notably, none of the caveolae-related structures contained the late endosomal maker protein CD63 (Fig. 3B) (Fig. 5A) . After albumin incubation, the number of caveolin-1 containing CD63-labelled endosomes increased
Fig. 4 Albumin incubation induces the appearance of caveolar clusters. During long-term internalization, multi-caveolar complexes (consisting of multiple caveolae clustered together) and caveosomes appear in the cytoplasm. A: Some of them are obviously connected to the plasma membrane (pm) via a narrow membrane-channel (arrowheads). B: CD63 is absent from these structures. C: Albumin can be readily localized in the caveolar clusters. D: Caveolin-1 and albumin colocalize in caveolar clusters (asterisk). N = nucleus. Bars, 200 nm.
Fig. 3 The number of plasma membrane caveolae and internalized caveolae increase after albumin treatment. Morphometrical analysis. After 1-hr albumin incubation, the number of membrane-connected and pinched off caveolae significantly increases (P < 0.005 versus control [0-hr albumin]). After 3-hr incubation, there is only a small additional increase of caveolae. Albumin incubation had no influence on the number of clathrin-coated pits and vesicles along the plasma membrane.
( Fig. 5B) 
Distribution of caveolin-1 at plasma membrane and intracellular membrane fractions after albumin incubation: Western blot analysis
To study caveolin-1 distribution during albumin uptake by an additional method, plasma membrane and intracellular membrane fractions were isolated from HepG2 cells by using the detergentfree method of [15] and Conrad (1995) [16] . The (Fig. 6A: 3-hrs alb) . One-hour albumin uptake also increased the amount of caveolin-1 in the intracellular membranes (including multi-vesicular bodies) (Fig. 6B) (Fig. 6A: 3-hrs alb + cyc) , and the intracellular membrane fractions (Fig. 6B: 3-hrs alb + cyc) . These data indicate that the increase of caveolae and caveolin-1 levels at the plasma membrane requires de novo synthesis.
caveolin-1 content of these membranes was analysed by Western blot. These quantitative data showed that in HepG2 cells incubated for 1 hr with albumin, the amount of caveolin-1 present in the plasma membrane increased when compared to albumin depleted (0-hr albumin) cells (Fig. 6A) (P < 0.005). This is in agreement with our morphological observations, showing an increase in the
Fig. 5 Albumin incubation increases the number of caveolin-1 containing multi-vesicular bodies. A: Ultrathin cryosection of HepG2 cells immunogold labelled for caveolin-1 (15-nm gold) and CD63 (10-nm gold). After 3 hrs of albumin uptake, caveolin-1 and CD63 double-labelled multi-vesicular bodies (mvb*) appeared in the cytoplasm among single CD63 labelled organelles (mvb). N = nucleus. Bar, 200 nm. B: Our morphometrical analysis provides quantitative data showing that after 3 hrs, the number of the double labelled multi-vesicular bodies is significantly higher (P < 0.005 versus control [0-hr albumin]).
Discussion
The participation of caveolae in endocytosis was debated for a long time. Nowadays, it is generally accepted that, under special conditions, caveolae can take part in ligand internalization [2] . [11] . Ocadaic acid, a serine/threonine phosphatase inhibitor, induces caveolar clustering at the plasma membrane, followed by their internalization [17, 18] . Thus, caveolar pinching off is regulated by the synchronized function of kinases and phosphatases [19] and depends on the integrity of the actin-cytoskeleton and presence of dynamin [20] .
Fig. 6 Caveolin-1 distribution in different membrane fractions isolated from HepG2 cells. A: Albumin-depleted cells present low amounts of caveolin-1 in plasma membrane fraction (0-hr alb). Albumin incubation significantly increases the protein content of this fraction (1-hr alb) (P < 0.005 versus control [0-hr albumin]). When albumin was added for 3 hrs, the amount of caveolin-1 was found to be the same as after 1-hr incubation (3-hralb
Although caveolin-dependent endocytosis has been in the centre of interest for a long time, the intracellular compartments involved in this alternative pathway have remained elusive. Caveosomes accumulating internalized ligands like viruses and cholera toxin [6] [2] . One theory postulates that caveosomes could provide an intracellular site where ligands can escape from lysosomal degradation [2] . Alternatively, caveolae can recycle back to the plasma membrane from caveosomes [8] . Internalized caveolae can also fuse with early endosomes in a Rab5-dependent manner [7, 8] 
